Potassium (K) channels play a signi®cant role in modulating human corporal smooth muscle tone, and thus, erectile capacity. Recent pharmacological studies indicate that the metabolicallyregulated K channel (K ATP ) may be an important modulator of human penile erection with signi®cant therapeutic potential. The goal of these initial studies, therefore, was to utilize patch clamp techniques to characterize the putative K ATP subtype(s) present in cultured and freshly isolated human corporal smooth muscle cells. In the cell-attached patch mode, two distinct unitary K currents were identi®ed whose respective conductance values were similar in cultured and freshly isolated smooth muscle cells. In cultured myocytes, the measured conductance values in symmetric KCl (140 mM) solutions were 59.1 AE 2.7 pS and 18.4 AE 2.1 pS (n 5 cells). Under identical experimental conditions in freshly isolated myocytes, corresponding conductance values were 59.2 AE 3.7 pS and 18.5 AE 2.4 pS, respectively (n 4 cells). I-V curves constructed during step depolarization ( 7 60 to 80 mV), revealed a linear I-V relationship for both unitary conductances. Single channel records documented that both conductances were reversibly inhibited by the application of ATP (1 ± 3 mM) to the bath solution in the inside-out attached patch con®guration. The unitary activity of both K channel subtypes was signi®cantly increased by the application of pinacidil (10 mM) and levcromakalim (10 mM). Whole cell patch recordings documented a glibenclamide-sensitive, pinacidil-and levcromakalim-induced increase in the whole cell outward K current during step depolarization ( 7 70 mV to 130 mV) of 105 AE 37%, 139 AE 42%, respectively. These data con®rm and extend our previous observations, and provide the ®rst evidence for the presence of K ATP channel subtypes in human corporal smooth muscle cells.
Introduction
Decreased penile vascular resistance induced by arterial and corporal smooth muscle relaxation is a critical step in penile erection. As such, it is not surprising that heightened tone andaor impaired relaxation of the corporal smooth muscle cell is considered to be a major cause of impotence. 1 ± 3 In this regard, modulation of corporal smooth muscle tone is a complex process requiring the integration of a host of intracellular events and extracellular signals. Unequivocally, however, nonjunctional ion channels such as potassium (K) and calcium (Ca) channels play a major and functionally antagonistic role, in modulating corporal smooth muscle tone. In fact, K and Ca channels serve as the ®nal common mediators of the actions of a diverse array of physiologically relevant endogenous neurotransmitters, neuromodulators and hormones. 4, 5 Functionally, K channels are important regulators of smooth muscle membrane potential in response to depolarizing stimuli, and thus, they balance the activity of the voltage-dependent Ca channels that are responsible for ensuring continuous transmembrane calcium¯ux, and therefore, sustained corporal smooth muscle contraction during¯accidity. Consistent with these facts, K channels are known to play a fundamental role in both the physiologic and pathophysiologic regulation of smooth muscle tone in diverse tissues. 6, 7 Among the several subtypes of potassium channels present in smooth muscle, the calcium-sensitive (K Ca ; or maxi-K channel) and K ATP channel subtypes are thought to be among the most important modulators of human corporal smooth muscle tone. 8, 9 Since their identi®cation in cardiac muscle, 10 K ATP channels have been found in a diverse number of cell types, including smooth muscle cells.
11 ± 14 In vascular smooth muscle, K ATP channels have several physiological roles. For example, K ATP channels are the target of a number of vasoactive factors and are also involved in regulating basal blood¯ow in response to changes in metabolic demand. With respect to their physiological role in penile erection, pharmacological studies have demonstrated that the class of compounds known as K channel modulators (pinacidil and levcromakalim) can relax human corporal smooth muscle. 5 Preliminary patch clamp experiments on cultured human corporal smooth muscle cells have documented that pinacidil elicits a two-fold increase in the whole cell outward K currents. Such observations provide further support for the physiological importance of the K ATP channel to the modulation of human corporal smooth muscle tone. However, there is still little information available concerning the electrophysiological properties of the K ATP channel subtype(s) present in this tissue. The major goal of this investigation therefore, was to utilize the patch clamp technique to begin characterizing the K ATP channel subtype(s) present in human corporal smooth muscle.
Material and methods

Explant cell cultures
All studies were performed according to a protocol approved by the Internal Review Board of the Albert Einstein College of MedicineaMonte®ore Medical Center. Human erectile tissue was obtained from the corpus cavernosum of patients undergoing surgery for implantation of penile prostheses. Homogeneous explant cell cultures of human corporal smooth muscle cells were prepared as previously described. 17 ± 20 Brie¯y, radial sections % 3636 10 mm were excised from the mid-penile shaft of each patient; these specimens consisted exclusively of smooth muscle, endothelium, and connective tissue, with occasional nerve ®bers. Tissue was washed, cut into 1 ± 2 mm pieces, and placed in tissue culture dishes with a minimal volume of Dulbecco's medium (DMEM; GIBCO) with 20% fetal calf serum (FCS). After the explants attached to the substrate (usually 1 ± 2 d), additional medium was added. Smooth muscle cells migrated from the explant and underwent division. Cells were subsequently detached using a trypsinaethylenediamine tetraacetic acid (EDTA) protocol to establish secondary cultures from the explants. These cultures were morphologically homogeneous, and furthermore, we did not observe cobblestone morphologies characteristic of endothelial cells or the verȳ attened and spread out shapes characteristic of ®broblasts. Cellular homogeneity was further veri®ed by the presence of smooth muscle speci®c aactin immunoreactivity. Cultures were maintained for no more than four passages; importantly, during this time all measured pharmacological and molecular properties observed in the intact tissue are retained in culture; for example, cAMP formation, 18, 19 calcium mobilization, 20 expression or function of the gap junction protein connexin 43. 17 
Cell isolation protocol
Corporal tissue was dissected as described above and placed in ice-cold DMEM solution. The cell isolation protocol was modi®ed from that previously described. 21 Tissues were washed and placed in 100 mm culture dishes containing 20 mls of physiological saline solution (PSS in mM: NaCl 137, KCl 5.6, MgCl 2 1, Na 2 HPO 4 0.42, NaH 2 PO 4 0.44, NaHCO 3 4.2, HEPES 10, pH set to 7.4 with NaOH) with 0.1% bovine serum albumin. Tissues were cut into % 1 mm 3 . Approximately 10 pieces of tissue were placed into 2 ml plastic tubes containing 1 ml PSS with 0.1% bovine serum albumin, 45U Papain, 0.1% dithioerythritol (DTT). Tissues were then incubated at 37 C for 35 min. This solution was removed at the end of incubation period, and replaced by 1 ml PSS containing 0.1% bovine serum albumin, 0.1% Collagenase Type 4, 0.05% Elastase, and 0.1% Soybean trypsin inhibitor. The tissue was then incubated for an additional 25 min at 37 C. Once again, the enzyme containing solution was gently removed, and replaced by 2 ml of a fresh PSS solution containing albumin. The tissue was then allowed to settle down for 10 min, after which the solution was gently replaced by 2 ml of fresh PSS solution containing albumin. The tissue was then gently and repeatedly pipetted with a Pasteur pipette. It was during this ®nal washing that the individual smooth muscle cells were isolated. The freshly isolated cells were then transferred to 35 mm culture dishes for the patch clamp experiments.
Solutions for patch clamp studies
Bath and pipette solutions with the following compositions were used in the whole cell, cellattached and cell-detached patch modes (in mM): (1) 140 KCl, 1 EGTA, 10 HEPES, pH 7.4 (KCl solution); and (2) 140 NaCl, 5.4 KCl, 10 HEPES, pH 7.4 (NaCl solution). For recording single channel recording, KCl solution was present in the bath and pipette. For recording whole cell currents, the NaCl solution and KCl solution were present in the bath and k ATP channels in human corporal smooth muscle SW Lee et al k ATP channels in human corporal smooth muscle SW Lee et al pipette, respectively. To block K Ca channel activity, 1 mM tetraethylammonium (TEA) was always present in the pipette solution.
Electrophysiological methods
Cell-attached, isolated inside-out and whole-cell patch recording modes were used in the experiments. The seal resistance between the patch and the pipette was 10 ± 30 GO. Liquid junction potentials were corrected for by ensuring that the bath and pipette solutions contained suf®cient chloride concentrations; previous studies have shown that under these conditions the potential liquid junction artifacts are reduced to 3 mV. 22 For whole-cell current measurements, PCLAMP software (version 6.0; Axon Instruments, Inc., Foster City, CA) and the associated analog-to-digital converter and interface were used. The signals were digitized and stored directly on an IBM PC compatible computer. For 
Analysis of single channel current data
The data were played back through a 1 kHz (corner frequency) ®lter and a Neurocoder analog-to-digital converter. Current distribution histograms were generated using point-by-point analysis. 
Results
Identi®cation of two distinct K currents in cultured human corporal smooth muscle cells
As shown in the representative current tracing displayed in Figure 1 , two distinct unitary K currents were routinely visualized in the cellattached patch mode in cultured human corporal smooth muscle cells. Transitions of the unitary currents are visible in the enlargement displayed in Figure 1B , and the corresponding peaks for each of these channels are noted in the amplitude histogram ( Figure 1C ) derived from the 60 s record shown in Figure 1A . Consistent with the single channel observations, as shown in the representative example displayed in Figure 1D , the currentvoltage relationships of the two distinct channels in inside-out patches of cultured myocytes were linear in the range 7 60 to 100 mV. The corresponding mean AE s.d. slope conductance values for each channel subtype obtained during several similar experiments were 59.1 AE 2.7 pS and 18.4 AE 2.1 pS respectively (n 5 cells). Note that these conductance values are similar to those previously reported k ATP channels in human corporal smooth muscle SW Lee et al for K ATP channels in smooth muscle cells using symmetric KCl solutions.
7,26
Identi®cation of K currents in freshly isolated human corporal smooth muscle cells Two distinct K currents were also resolved on freshly isolated corporal myocytes using identical recording techniques. Figure 2A shows a representative example of the myocytes typically isolated using a modi®cation of a previously described enzymatic dissociation protocol.
21 Figure 2B shows current tracings of the two distinct conductances routinely observed on freshly isolated myocytes. In this case, the unitary currents for the larger (top trace) and smaller (lower trace) conductance were observed on distinct smooth muscle cells, at the same membrane potential as described above for the cultured corporal myocytes (60 mV). Again, as shown in the representative example shown in Figure 2C , the current-voltage relationships for these two distinct channels in freshly isolated corporal myocytes were also linear over the voltage range from 7 60 to 100 mV. The corresponding mean AE s.d. slope conductance values for each channel subtype obtained during several similar experiments were 59.2 AE 3.7 pS and 18.5 AE 2.4 pS, respectively (n 4 cells). k ATP channels in human corporal smooth muscle SW Lee et al
Identi®cation of the K currents as K ATP channels following inhibition of unitary activity by ATP, and activation by pinacidil and levcromakalim Importantly, as illustrated in Figure 3 , application of 1 ± 3 mM ATP to the bath solution in inside-out patches caused a complete, albeit reversible, ablation in the activity of both K channel subtypes. Such observations clearly indicate that these K channel subtypes are K ATP channels. However, in order to further explore the characteristics of these K channel subtypes, we examined the effects of the two welldocumented K channel modulators, pinacidil and levcromakalim, respectively, on the unitary activity of these two putative K ATP channel subtypes. In cellattached patches, application of pinacidil (10 mM) or levcromakalim (10 mM) to the bath solution was associated with increased activity of both K ATP channel subtypes (Figure 4 ). This increase in channel activity was paralleled by changes in the channel open probability, but not channel conductance. Speci®cally, using previously described ®t-ting routines, 22 ± 25 estimates of channel conductance and open probability were obtained. For the record shown in Figure 4 , these estimates, in the absence and presence of pinacidil, respectively, were for the smaller channel, % 25 pS and % 0.01, and % 25 pS and % 0.4, and for the larger channel % 0.01 and % 60 pS and % 0.03 and % 60 pS. Therefore, it is clear that the activity of the smaller channel is increased by more than an order of magnitude, while the activity of the larger channel is increased 2 ± 3 fold. Qualitatively similar observations were made in four other experiments with pinacidil, as well as ®ve additional experiments with levcromakalim.
Activation of whole cell outward K currents by pinacidil and levcromakalim
To further explore the nature and identity of the unitary currents observed in the attached patch mode, outward K currents were also studied in Figure 4 continued from previous page.
k ATP channels in human corporal smooth muscle SW Lee et al the whole-cell mode. Outward currents were recorded during 200 ms pulses from a holding potential of 7 70 mV to potentials of 140 mV in consecutive 10 mV steps. After running a control protocol ( Figure 5A ), pinacidil (10 mM) or levcromakalim (10 mM) was added to the bath solution ( Figure  5B ), and 5 min later, the same voltage protocol was repeated. As illustrated, there was a consistent and dramatic increase in the magnitude of the outward K current by levcromakalim (139 AE 42%, n 4 cells, P`0.05), which was blocked by the subsequent addition of the speci®c K ATP channel subtype blocker glibenclamide (10 mM; Figure 5C ). Figure 5D shows the corresponding I-V curve for the data depicted in panels A ± C. Addition of pinacidil also increased the magnitude of the whole cell outward K currents (105 AE 37%, n 4, P`0.05), and this increase was also blocked by glibenclamide (10 mM).
Discussion
The recent emphasis on understanding the physiological relevance of the K ATP channel to the regulation of smooth muscle tone derives in large part from the fact that these channels are implicated as the putative target for the relaxing effects of the class of compounds known as K channel modulatorsaopeners, for example, cromakalim and pinacidil. 31 ± 33 In this regard, both pinacidil and levcromakalim have been shown to directly activate K ATP channels in physiologically diverse vascular smooth muscle cell types. 7 Of additional interest is the fact that K ATP channels are activated when the intracellular ATP concentration is low, a condition nominally relevant to metabolically-regulated contractile responses in smooth muscle.
34Y35 In fact, it is k ATP channels in human corporal smooth muscle SW Lee et al clear that this latter phenomenon may be of particular relevance to the regulation of tonically contracted smooth muscle, such as the corporal smooth muscle of the penis. With respect to penile erection, K channel modulators are known to relax the corporal smooth muscle of human, monkey, cat and rabbit penis. 5,15,27 ± 29 More speci®cally, intracavernous injection of pinacidil produced tumescence, or erection, in 16 out of 17 monkeys, a result similar to that obtained with papaverine. 15 In cat, levcromakalim, nicorandil, and pinacidil all caused erections in a dose dependent manner when injected intracavernosally. 30 Whereas in humans, addition of pinacidil and levcromakalim to phenylephrine precontracted human corporal tissue strips produced a glibenclamide-sensitive and complete relaxation of all tissues examined. 16 Taken together, such observations further support the view that K ATP channels are of functional importance to the regulation of corporal smooth muscle tone. Despite these facts, there has been no rigorous characterization of the K channel subtype(s) that might be responsible for mediating these relaxing effects of the K channel modulatorsaopeners in human corpora. As a ®rst step in this direction, the goal of these preliminary studies therefore, was to utilize patch clamp techniques to characterize the putative K ATP channel subtype(s) present in both cultured and freshly isolated human corporal smooth muscle cells.
In this regard, a recent and parsimonious categorization of the single channel conductances of K ATP channels recorded in smooth muscle has placed the K ATP conductance values into two general subgroups 7 : (1) small and intermediate conductance channels ( % 20 ± 50 pS); and (2) large conductance channels ( % 100 ± 200 pS). Consistent with the rather considerable variation in the single channel conductances reported for K ATP channels in smooth muscle, 7 we report here the identi®cation of two distinct K ATP channel subtypes. However, both of the observed conductances fall into the same smallaintermediate conductance category.
We classify these channels as K ATP channels based on the following criteria: (1) both conductances were ATP-inhibited ( Figure 3) ; and (2) pinacidil and levcromakalim increased the unitary activity of these channels (Figure 4) , as well as the whole cell outward currents, and the latter were glibenclamide-sensitive ( Figure 5 ). Therefore, we describe here, for the ®rst time, the presence of a larger ( % 60 pS; Figures 1 and 2 ) and smaller conductance ( % 20 pS; Figures 1 and 2 ) K ATP channel subtype, respectively, in human corporal smooth muscle cells. It is worth noting that the detected conductance values are similar to the conductance values previously reported for K ATP channels in other smooth muscle cell types, using similar recording conditions; that is, symmetric KCl solutions. 7 Since two distinct conductances, with apparently similar electrophysiological characteristics, are found in both our short term explant cultured cells and the freshly isolated smooth muscle cells, these data provide further support that many aspects of cellular physiology and pharmacology are conserved in our cultured myocytes. Such observations, in turn, further validate the use of our smooth muscle cell cultures under appropriate experimental conditions. Therefore, as reported for other tissues, 7, 13 the present data con®rms and extends our previous observations 8, 16 to suggest that K ATP channel activation by drugs and neuropeptides may make an important contribution to membrane hyperpolarization and vasorelaxation in the human corpora, and therefore, erectile capacity.
Conclusion
Since these channels are nominally present on corporal smooth muscle cells in vivo, they may play a signi®cant role not only in the physiological modulation of corporal smooth muscle tone, but perhaps also in the etiology of erectile failure. Consistent with this latter possibility, a recent study has shown a statistically signi®cant and diabetesrelated decrease in the sensitivity of isolated human corporal tissue strips to relaxation by pinacidil and levcromakalim; that is, a 1a2-log unit shift to the right in the concentration response curve of equivalently phenylephrine precontracted corporal tissue strips. Additionally, these data provide further support for the concept that K channels in general, and the K ATP channel in particular, provide an attractive molecular target for the therapeutic manipulation of human corporal smooth muscle tone. However, it is clear that further investigation is required in order to determine the relative contribution of these two distinct K ATP channels to the regulation of corporal smooth muscle tone, the pathophysiology of erectile dysfunction, and their corresponding therapeutic potential.
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